Introduction
The size of the developing organism is highly variable, depending on external nutrient conditions or genetic polymorphisms. Scaling of tissue pattern with tissue size is therefore required for ensuring a body plan of reproducible proportions. Scaling was demonstrated in a large number of systems [1] [2] [3] [4] [5] [6] [7] [8] [9] and was studied most extensively in the context of the Drosophila wing imaginal disc [10] [11] [12] . Two long-range gradients of the Wg and Dpp morphogens pattern the disc along the orthogonal dorsoventral (DV) and anterior-posterior (AP) axes, respectively. The scaling of the Dpp gradient with disc size was first demonstrated in mutants of the insulin pathway. In these mutants, disc size is significantly modulated, but the pattern remains unaffected, with scaling observed at the levels of the Dpp gradient itself, its activity pattern, and target-gene expression [10] . Notably, Dpp functions not only as a morphogen but also as a growth factor, facilitating disc growth [13] [14] [15] [16] , yet its gradient stabilizes rapidly relative to disc growth rate, suggesting that it is close to steady state during growth [10, 11] . It was recently shown that the Dpp gradient scales with disc size also during growth, such that the length scale of the Dpp gradient remains proportional to the size of the disc over at least a 2-fold increase in size [11] .
Scaling of morphogen-induced pattern with tissue size requires the ability to measure tissue size and adjust the morphogen distribution accordingly. Most models of morphogen gradients do not account for scaling. Recently, we have shown that scaling is a natural property of a simple circuit motif, which we termed ''expansion-repression'' ( Figure 1A ) [1] . This motif is composed of two diffusible molecules, a morphogen and an expander, which are tightly interconnected: the morphogen represses expander production, limiting its secretion only to the distal part of the morphogenic field, whereas the expander (which is diffusible and stable) increases morphogen spreading in the entire field by facilitating its diffusion or inhibiting its degradation. The expander, in effect, measures the system size: it continues to accumulate, and consequently, the gradient continues to expand, until the morphogen levels are sufficiently high to repress expander expression even at the edge of the field ( Figure 1B) . Scaling of the full gradient with system size follows naturally, because the level of morphogen at the distal-most region is effectively pinned to the value required to repress expander expression.
The expansion-repression mechanism can be implemented by a variety of molecular mechanisms and is relatively independent of the precise biochemical parameters. We examined whether this motif is found also within the Dpp patterning network. Dpp signals by binding to its receptor Thickveins (Tkv), modulating the expression of downstream genes, some of which function in a feedback circuit shaping the Dpp gradient itself [17] . For example, Dpp attenuates tkv expression, whereas Tkv modulates both Dpp signaling and its degradation by endocytosis [10, [18] [19] [20] . Similarly, Dpp also reduces the expression of dally, a heparan sulfate proteoglycan, which affects the mobility and stability of Dpp [21] [22] [23] [24] [25] . Neither Dally nor Tkv, however, can function as expanders, because they do not diffuse and therefore modulate the gradient mostly locally. Moreover, they are both expressed at significant levels also close to the source of Dpp. We noticed that a newly identified component of the circuit, Pentagone (Pent), does realize an expansion-repression motif [26] . pent is repressed by Dpp signaling, and it expands the Dpp gradient through interaction with Dally. Crucially, it is widely diffusible and stable, enabling propagation of information from the edges of the disc toward the source of the gradient ( Figures  1C and 1D ).
Results and Discussion
Numerical modeling of the interactions between Dpp, Tkv, Dally, and Pent confirmed that this simplified Dpp-patterning network can implement the expansion-repression mechanism, leading to scaling of the Dpp activity gradient with the size of the disc over a broad range of parameters ( Figures  1F-1H ; see also Figure S1 available online). In the particular implementation shown, we assumed that the interaction of Pent with Dally reduces the affinity between Tkv and Dpp, Table S1 for parameters.
thereby lowering Dpp degradation via endocytosis, in accordance with recent studies [11] . In this case, the decrease in Dpp degradation rate during growth of the disc can be attributed to Pent activity as an expander. Notably, the expansion-repression mechanism is relatively insensitive to the molecular details of the putative implementation. Other realizations of Dally-Pent interaction, in which Pent effectively increases Dpp diffusion, provide equally robust scaling as long as the Dpp-Pent expansion-repression motif is maintained ( Figure S1 ). To analyze the simulation results quantitatively and define their robustness, we introduced a scaling measure, S, which quantifies the accuracy of scaling at each position, independent of the shape of the gradient (Experimental Procedures). Briefly, S describes the difference between signaling profiles measured in the relative coordinate x/L in discs of different sizes, at each position along the AP axis. S is normalized such that S = 0 when scaling is perfect, and S = 21 when there is no scaling at all. Intermediate values (21 < S < 0) indicate partial scaling, namely, insufficient expansion of the gradient compared to its growth, whereas positive values of S describe an expansion overshoot, where the gradient expands more than it should have relative to the size of the disc ( Figure 1E ). Indeed, simulation of the wild-type network results in scaling of the signaling gradient (S z 0) ( Figure 1H ). The robustness of scaling to changes in parameter range was high. In fact, systematic perturbations of the parameters along a tendimensional cube around the reference network confirmed that 97.5% of parameter sets had 20.25 < S < 0.25 in a wide range of the field ( Figure S1 ).
Our analysis suggests that Pent may function as the expander in an expansion-repression motif that scales the Dpp gradient. Pent is therefore predicted to be essential for scaling ( Figures 1I-1K ). Moreover, scaling requires the repression of pent by Dpp, predicting that scaling will be lost if pent is constitutively expressed (Figures 1L-1N ). To examine these predictions, we set out to compare the scaling of the Dpp activation gradient in discs of different sizes during growth. We follow the Dpp activity gradient using an antibody for phosphorylated Mad (pMad), representing the initial signaling event triggered by Tkv upon binding to Dpp ( Figure 1C ) [27] . To reliably compare different discs, we analyzed the spatial distribution of pMad in the posterior compartment dorsal to the DV midline, as identified by the expression pattern of Patched and Wingless (Figure 2A ).
Consistent with previous results in wild-type discs [11] , the pMad gradient expanded in proportion to disc size. The discs we analyzed varied by 2-fold ( Figure S2 ), and the pMad gradients in those discs were practically identical when plotted as a function of the relative positions in the disc; for example, all gradients decayed by 10-fold at the middle of the disc (x = L/2), and by 4-fold at x = L/3 ( Figures 2B and 2C ). This observation is reflected in the scaling measure for wild-type discs: S z 0 in the medial part of the disc (0.1 < x/L < 0.5; Figure 2D ; see also Figure S2 for other measures of scaling). Assessing scaling accurately in the lateral part of the disc is difficult, as a result of the low levels of pMad. We note that scaling was observed from the mid-third instar until the onset of wandering stage larvae, lasting approximately 36 hr. Scaling may be harder to observe in younger discs because of their small size, or it may be that the gradient does not scale in these early phases. Discs of the wandering stages were excluded from the analysis as the gradient becomes weaker and sharper, reflecting perhaps physiological changes caused by hormonal signaling [28] .
Next, we examined scaling in discs homozygous for a null allele of pent. As described previously [26] , those discs were smaller in size (reduced 1.5-fold compared to wild-type discs), and pMad distribution was narrower ( Figure 2E ). Still, these discs grew, and we observed an over 2-fold variation in size between discs, which enabled us to examine scaling. As predicted, the pMad gradient in these discs did not scale with disc size: the profiles overlapped when plotted in standard rather than relative coordinates, and the scaling measure was consistently S z 21 (Figures 2F-2H ; Figure S2 ).
The pMad gradient in the pent mutant discs decreased sharply and was therefore localized mostly to the source region. To control for possible spatial effects due to the short range of the gradient, we examined scaling also in a tkv 2/+ heterozygous background. In these discs, the Dpp gradient is wider, likely reflecting reduced Dpp degradation by endocytosis. Heterozygocity for tkv changed the range of pMad profile and slightly increased the size of the discs [26] . Nonetheless, scaling was maintained ( Figures 2I-2L ) in accordance with the expansion-repression model, where the ability to scale is robust to changes in parameters affecting gradient shape. Notably, introducing a homozygous pent null allele into the tkv 2/+ background abolished scaling (S z 21), although the gradient range was now significantly wider and comparable to wild-type discs (Figures 2M-2P ; Figure S2 ). Table S2 for model equations and parameters and Figure S1 for robustness analysis of the scaling measure.
A direct prediction of our expansion-repression model is that scaling requires the repression of pent expression by Dpp signaling. In fact, we not only predict that scaling will be lost when pent expression becomes constitutive but also expect a scaling overshoot, reflecting the high levels of Pentagone accumulation, which will cause the gradient to expand more than the growth of the disc. To examine this prediction, we expressed pent in the entire posterior compartment using the engrailed (en)-Gal4 driver and measured the resulting pMad gradient. As expected, scaling was lost: the gradients do not overlap in the relative coordinates, and we observe the predicted overshoot, with gradients of large discs becoming wider than those of small discs (Figures 3A-3C) . The scaling overshoot was also captured by the positive scaling measure obtained (S > 0; Figure 3D ; Figure S3 ). Mild overexpression of pent by growing the larvae at 18 C resulted in significant yet reduced overscaling, with smaller positive values of S (Figures 3E-3I) .
Taken together, our data identify an expansion-repression circuit motif that underlies the scaling of the Dpp activity gradient in the Drosophila wing imaginal disc. Pentagone, which functions as an expander in this system, scales the gradient in the entire disc. pent expression is restricted to the lateral cells as a result of repression by Dpp signaling [26] . Through its diffusible, nonautonomous effect on Dpp distribution, Pentagone couples the information on the position of the edge of the disc (i.e., size), to the overall distribution of the patterning gradient, thus executing scaling.
The expansion-repression motif provides scaling by effectively implementing an integral feedback controller over tissue size [1, 29] . We showed previously that this motif explains scaling of the Bmp gradient in the early Xenopus laevis embryo [30] [31] [32] [33] . Here, we present an additional example, where this motif is implemented by a completely different molecular circuit, to scale the Dpp gradient in the Drosophila wing imaginal disc. The expansion-repression motif can be readily utilized by a variety of other molecular mechanisms, suggesting its general applicability in scaling morphogen gradients during development. [P] denotes the concentration of species P, and k
denotes the association (dissociation) constant of P and Q (the complex PQ). D P is the diffusion coefficient, b P the degradation rate, and a 0 P the basal production rate of P. a P ð½DppTkvÞ is the production rate of P, regulated by DppTkv complex, modeled as a Hill function for a repression threshold T P and a Hill coefficient H P . Dpp is produced with a flux h from x = 0. Dpp diffusion rate is increased by Dally and DallyPent levels, and the association rate between Dpp and Tkv is modulated by both Dally and DallyPent complex levels. See Tables  S1 and S2 for values of parameters used in numerical solutions and explicit formulation of regulatory functions and for the equations for the model of the expansion-repression mechanism shown in Figure 1B .
Fly Strains
The following lines were used: y 1 w 1118 (wild-type), pent 2 and pent
A17
(pent null) [26] , UAS-pent/MKRSb [26] , and tkv strII , en-Gal4 from the Bloomington Stock Center.
Immunohistochemistry and Image Analysis
Third-instar larvae were dissected before wandering stage, fixed with 4% formaldehyde, and washed with 0.1 Triton X-100. Staining was carried out using rabbit anti-pSmad1/5/8 (1:250; obtained from E. Laufer); 4D4 mouse anti-Wg [32] (1:50) and Apa1 mouse anti-Ptc [33] (1:50) were obtained from the Hybridoma Bank. Images were obtained using a Zeiss LSM510 confocal microscope and analyzed in MATLAB. Profiles were grouped according to size such that five average sizes were used for the analysis, each group composed of profiles of similar sizes.
Scaling Measure
The scaling measure was calculated by the following, for each threshold 0.01 < T < 0.9 within the normalized signaling level (0.1 < T < 0.9 for experimental data):
n is the number of average profiles, L i is the length of the i th profile, and z i is the relative position x i /L i where a threshold T was met in the i th profile. z is the nonnormalized scaling measure in case there is no scaling: z = 2=nðn 2 1Þ P fði; jÞjL i >L j g L i 2 L j =0:5ðL i + L j Þ. z is threshold independent and therefore position independent. We used a closely spaced set of thresholds to span the relevant region in the AP axis of the posterior compartment.
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Supplemental Information includes eight equations, three figures, three tables, and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j.cub.2011.07.015.
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We thank E. Laufer for the pSmad1/5/8 antibody and the members of our groups for discussions and help with the experiments and analysis. . In this case, the larvae were grown at 18 C, leading to lower activation of the Gal4-UAS system. Consequently, overexpansion of the gradient is less pronounced. Markings are shown as in Figure 2 . See Figure S3 for distribution of lengths of the profiles used in the analysis.
